Introduction {#Sec1}
============

Outbreaks of seasonal influenza caused by influenza A virus (IAV) or B virus occur all over the world and lead to approximately 3 to 5 million severe cases and 290,000 to 650,000 deaths every year (World Health Organization [@CR37]). Moreover, novel IAV strains have emerged repeatedly in the past, leading to a large number of deaths by pandemics in the twentieth century (Frederick [@CR7]; Saunders and Krewski [@CR25]; World Health Organization [@CR36]). To combat IAV, there is a relentless need to develop more effective antiviral therapies and vaccine strategies.

The calyces of *Hibiscus sabdariffa L.* is an ingredient in hibiscus tea. Hibiscus tea contains abundant bioactive compounds including anthocyanins, polyphenols, organic acids, and flavonoids (Da-Costa-Rocha et al. [@CR3]). Earlier reports have shown various biological and pharmacological activities of hibiscus tea and hibiscus tea-derived compounds like anti-inflammatory, anti-oxidant, anti-cholesterol, anti-hypertensive, anti-bacterial, and antiviral activities (D'Souza et al. [@CR2]; Da-Costa-Rocha et al. [@CR3]; Hassan et al. [@CR8]; Joshi et al. [@CR12]). We previously reported the antiviral activity of hibiscus tea extract against H5 subtype avian influenza viruses (Baatartsogt et al. [@CR1]). Hibiscus tea extract inactivated the avian influenza viruses, showing activity in 10 min. Based on these results, we hypothesized that these potent and rapid antiviral activities could be used to develop a novel anti-IAV drug and a safe inactivating agent for the whole inactivated vaccine.

A number of anti-IAV drugs have been in practice or under development (Li et al. [@CR16]; Noshi et al. [@CR19]). Although these drugs elicit the therapeutic effect, viral strains resistant against these drugs tend to appear after prolonged use (Hurt [@CR9]; Li et al. [@CR16]), and some of these drugs also exhibit adverse effects. RNA polymerase inhibitor favipiravir showed teratogenicity and embryotoxicity in animal experiments. Therefore, its clinical use is strictly restricted in Japan (Nagata et al. [@CR18]). In addition, the possibility of insufficient existing drug supply is a concern during pandemics. Finding novel anti-IAV substances would be a promising approach for treatment to deal with these problems.

Vaccination is also important to control IAV expansion. One of the effective vaccination strategies is intranasal (i.n.) administration of whole inactivated vaccine. Whole inactivated vaccine can prime potent protective immunity because it preserves virus particle integrity (Soema et al. [@CR27]). In addition, i.n. vaccination can induce systemic IgG production and mucosal IgA production, the latter of which is indispensable to prevent viral infection establishment (Rose et al. [@CR23]; Tamura et al. [@CR33]). Formalin and β-propiolactone (β-PL) are widely used as inactivating agents for whole-virus vaccines (Delrue et al. [@CR4]). However, removal of these substances is essential due to their chemical toxicity, making the procedure time consuming and expensive. Finding a safe anti-IAV compound that can be used as a novel inactivating agent for a whole-virus vaccine may solve critical problems.

Here, we attempted to clarify the mechanism of antiviral activity against H1N1 human IAV strain A/Puerto Rico/8/1934 (PR8 virus) and identify the antiviral compounds present in hibiscus tea extract. We focused on three compounds including protocatechuic acid (PCA), ferulic acid, and (2*S*,3*R*)-tetrahydro-3-hydroxy-5-oxo-2,3-furandicarboxylic acid (hibiscus acid). PCA and ferulic acid showed antiviral activity against several virus species (Hassan et al. [@CR8]; Joshi et al. [@CR12]). Hibiscus acid is one of the major organic acids in hibiscus calyces (Da-Costa-Rocha et al. [@CR3]). In addition, we assessed hibiscus tea extract's potential as a candidate for novel anti-IAV drug and as an inactivating agent for whole-virus vaccines.

Materials and Methods {#Sec2}
=====================

Viruses, Cells, and Mice {#Sec3}
------------------------

PR8 virus (ATCC® Catalog No. VR-95™) was purchased from ATCC (Manassas, VA), and propagated in the allantoic fluid of 10-day-old embryonated chicken eggs. Madin-Darby canine kidney (MDCK) cells were kindly provided by Dr. H. Nagano (Hokkaido Institute of Public Health, Sapporo, Japan). For passaging, MDCK cells were cultured in Dulbecco's modified Eagle's minimal essential medium (DMEM) (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) supplemented with 10% fetal bovine serum, 20 μM [l]{.smallcaps}-glutamine (Wako Pure Chemical Industries, Ltd., Osaka, Japan), 0.15% NaHCO~3~ (Wako Pure Chemical Industries, Ltd.), 2 µg/ml amphotericin B (Bristol-Myers Squibb Co., New York, NY), and 100 µg/ml kanamycin (Meiji Seika Pharma Co., Ltd., Tokyo, Japan). After viral inoculation, MDCK cells were cultured in viral growth medium composed of DMEM supplemented with 0.2% bovine serum albumin (Wako Pure Chemical Industries, Ltd.), 0.01% glucose (Wako Pure Chemical Industries, Ltd.), 0.15% NaHCO~3~, 2.5 mM HEPES (Wako Pure Chemical Industries, Ltd.), and 0.0006% trypsin (Wako Pure Chemical Industries, Ltd.). Ten to 13-week-old female BALB/c mice were purchased from CLEA Japan Inc. (Tokyo, Japan) or generated in our laboratory. All animal experiments were approved by the Institutional Animal Care and Use Committee of Obihiro University of Agriculture and Veterinary Medicine and performed in compliance with institutional guidelines.

Reagents {#Sec4}
--------

PCA was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Ferulic acid was purchased from Cayman Chemical Co. (An Arbor, MI). Formalin and β-PL were purchased from Wako Pure Chemical Industries, Ltd. Hibiscus tea (Roselle) was purchased from Nakazen Corp. (Nanjo, Japan). To prepare acidic crude hibiscus tea extract (Hib\[crude\]), 2 g of hibiscus tea powder was boiled in 100 ml ultrapure water until the volume reached 50 ml. To isolate the small molecular weight (\< 3 kDa) fraction (frHibis), Hib\[crude\] was fractionated using Vivaspin® 6 (3000 MWCO PES) (Sartorius Ag., Göttingen, Germany) (Baatartsogt et al. [@CR1]).

Isolation of Hibiscus Acid {#Sec5}
--------------------------

Hibiscus acid was isolated as previously described (Ibnusaud et al. [@CR10]; Ibrahim et al. [@CR11]). In brief, hibiscus tea powder was soaked in a sufficient volume of ultrapure water at 24 °C for 24 h, and this process was repeated several times. The combined extract was concentrated under reduced pressure to obtain a viscous syrup. Methanol was added to the syrup to precipitate insoluble materials. The precipitate was removed by filtering, and the filtrate was concentrated to obtain a second viscous syrup that was extracted several times with acetone. Acetone was removed under reduced pressure, and the extract was further extracted several times with ether. The ether was removed under reduced pressure, and a crude acid was obtained which was recrystallized (ether + chloroform) to obtain pure hibiscus acid (molecular weight: 190.1, 0.1 g, 1%) in the form of colorless crystal. The structure and purity of isolated hibiscus acid was confirmed using previously reported spectroscopic and other physical analyses (Ibnusaud et al. [@CR10]; Ibrahim et al. [@CR11]).

Synthesis of Disodium (2S,3R)-Tetrahydro-3-hydroxy-5-oxo-2,3-furandicarboxylate (Hibiscus Acid-Na) {#Sec6}
--------------------------------------------------------------------------------------------------

Hibiscus acid-Na was synthesized as previously described (Ibnusaud et al. [@CR10]; Ibrahim et al. [@CR11]). In brief, saturated aqueous sodium bicarbonate was added dropwise into an aqueous hibiscus acid solution (0.1 g, 0.53 mmol, in 1 ml water) at 0 °C until the pH of the solution was neutral. After removing water under reduced pressure, the residue was triturated and washed using dry acetone. The product was finally dried under reduced pressure to obtain a colorless solid (molecular weight: 234.1, 0.1 g, 81%).

Virus Treatment and Inoculation into MDCK Cells {#Sec7}
-----------------------------------------------

10^5^ 50% tissue culture infective dose (TCID~50~)/ml of PR8 virus propagated in allantoic fluid was mixed with an equal amount of phosphate-buffered saline (PBS), Hib\[crude\], frHibis, PCA, ferulic acid, hibiscus acid, or hibiscus acid-Na. The effective concentrations of PCA, ferulic acid, hibiscus acid, and hibiscus acid-Na in the mixture were 2.5 mg/ml, 1 mg/ml, 2.5 mg/ml, and 2.5 mg/ml, respectively. pH of the mixture was adjusted within a range of acidic to around neutral by adding HCl (Wako Pure Chemical Industries, Ltd.) or NaOH (Wako Pure Chemical Industries, Ltd.). pH of the mixture was determined by measuring the pH of a virus-free mixture as a substitute for the virus-containing mixture. The mixture was placed at 26 °C for 10 min, 24 h, or 48 h. After each reaction time, the mixture was inoculated into MDCK cells and a tenfold serial dilution was performed. Three days after inoculation, the viral titer was evaluated by observing the cytopathic effect (CPE) on MDCK cells. We calculated log~10~ TCID~50~/ml using the Behrens-Kärber method (Kärber [@CR14]).

Hemagglutination (HA) Test {#Sec8}
--------------------------

PR8 virus propagated in allantoic fluid was mixed with an equal amount of neutral and acidic pH PBS, Hib\[crude\], frHibis, or PCA. The effective concentration of PCA in the mixture was 2.5 mg/ml. The mixture was placed at 26 °C for 10 min or 48 h. A twofold serial dilution was performed after each reaction time. An HA test was conducted using 0.5% chicken blood cells (Nippon Bio-Test Laboratories Inc., Asaka, Japan) according to the WHO Manual on Animal Influenza Diagnosis and Surveillance (WHO Manual, World Health Organization [@CR35]). The HA test was also conducted with formalin-, β-PL-, or acidic Hib\[crude\]-inactivated purified PR8 virus.

Evaluation of Anti-PR8 Virus Activity of Acidic Hib\[crude\] in Mice {#Sec9}
--------------------------------------------------------------------

Mice were intranasally given 10^1^ TCID~50~/50 μl PR8 virus propagated in allantoic fluid. Eight hours after the viral inoculation, 200 μl of neutral PBS or acidic Hib\[crude\] was administered once orally (p.o.) (day 0). From day 1 to 4, PBS or Hib\[crude\] was administered p.o. twice a day. Each group had 5 mice. The change in the body weight of each mouse was monitored daily. Mice were euthanized when the body weight decreased to 75% or 2 weeks after the viral inoculation. To determine the lung viral titer, mice were euthanized at days 3 and 5 and lungs were harvested from the euthanized mice. The lungs were homogenized in 20% (w/v) PBS supplemented with 5 μg/ml amphotericin B, 1 mg/ml kanamycin, and 100 μg/ml gentamicin (MSD K.K., Tokyo, Japan). The lung homogenate supernatant was added to MDCK cells, and a tenfold serial dilution was performed. Three days after inoculation, the viral titer (log~10~ TCID~50~/g tissue) was evaluated.

Evaluation of Acidic Hib\[crude\]-Inactivated Vaccine Efficacy {#Sec10}
--------------------------------------------------------------

To prepare formalin-inactivated whole-virus vaccine, 1 mg/ml of purified PR8 virus was mixed with 0.1% formalin and kept at 4 °C for 48 h. After viral inactivation, 0.6% Na~2~S~2~O~4~ (Wako Pure Chemical Industries, Ltd.) was added and the mixture was placed at 4 °C overnight. Similarly, to prepare β-PL-inactivated whole-virus vaccine, 1 mg/ml of purified PR8 virus was mixed with 0.1% β-PL and placed at 4 °C for 48 h. Afterward, formalin and β-PL were removed using membrane dialysis with Spectra/Por® (8,000 MWCO) (Spectrum Laboratories Inc., Los Angeles, CA). The concentration of formalin- or β-PL-inactivated PR8 virus was measured using the Micro BCA protein assay kit (Pierce, Rockford, IL) and adjusted to 300 μg/ml. To prepare acidic Hib\[crude\]-inactivated whole-virus vaccine, 600 μg/ml of purified PR8 virus was mixed with an equal amount of acidic Hib\[crude\] and placed at 26 °C for 10 min. The inactivated virus was directly used to vaccinate mice. Viral inactivation was confirmed based on the absence of viral infectivity by egg inoculation followed by an HA test. 50 μl PBS, formalin-, β-PL-, or acidic Hib\[crude\]-inactivated PR8 virus vaccine was intranasally administered in mice (first vaccination) under light anesthesia with isolflurane (Intervet K.K., Tokyo, Japan). The second vaccination was performed 2 weeks after the first vaccination. There were 5 mice in each group. Six weeks after the second vaccination, the mice were intranasally inoculated with 10^2^ TCID~50~/50 μl of PR8 virus propagated in allantoic fluid (day 0). Changes in body weight were monitored daily after PR8 viral inoculation. The mice were euthanized when the body weight decreased 75%. All surviving mice were euthanized on day 14. Blood samples were collected on day 0 (pre-inoculation) and day 14 (post-inoculation) to evaluate anti-PR8 virus antibody (Ab) titer using the hemagglutination inhibition (HI) test. The obtained serum samples were treated with receptor-destroying enzyme (Denka Seiken Co., Ltd., Japan) to remove non-specific HA inhibitors. The serum was mixed with chicken blood cells (the final concentration was 10%), and the mixture was rotated at room temperature for 1 h to remove any non-specific HA factors. The supernatant was collected after centrifugation, and the HI test was conducted in the presence of PR8 viral antigen according to the WHO manual. The serum anti-PR8 virus Ab titer was determined as log~2~ HI titer.

Statistical Analysis {#Sec11}
--------------------

*P* values were calculated using the following statistical analyses. Student's *t* test or Student's *t* test with Bonferroni's test were performed for the viral titer. Student's *t* test, Student's *t* test with Bonferroni's test, or Kluskal-Wallis test with Dunn's multiple comparison were performed for the HA titer and HI titer. One-way analysis of variance (ANOVA) with Tukey's multiple comparison test or Kluskal-Wallis test with Dunn's multiple comparison test was performed for changes in body weight. Log-rank test with Bonferroni's test was performed for the survival rate.

Results {#Sec12}
=======

Evaluation of Relationship Between Hibiscus Tea Extract Anti-PR8 Virus Activity and Acidic pH {#Sec13}
---------------------------------------------------------------------------------------------

Since Hib\[crude\] is acidic, we assessed whether the anti-PR8 virus activity of Hib\[crude\] depends on its acidic pH. PR8 virus was mixed with non-pH-adjusted and pH-adjusted PBS or Hib\[crude\] (pH of the mixture ranged from 3.0 to 7.2), and the titer of the treated virus was determined. The pH of the mixture containing non-pH-adjusted Hib\[crude\] was around 3.0. After a 10-min reaction, Hib\[crude\] and PBS of pH ≤ 4.0 strongly inactivated the PR8 virus, but the effect of Hib\[crude\] at pH 4.0 seemed to be slightly higher than PBS at pH 4.0. On the other hand, both PBS and Hib\[crude\] of pH ≥ 5.0 did not inactivate PR8 virus. After a 24-h reaction, PR8 virus was inactivated using both PBS and Hib\[crude\] at pH ≤ 5. On the other hand, the viral titer of Hib\[crude\]-treated PR8 virus was 10^1^-times lower than PBS-treated PR8 virus under the conditions of pH ≥ 6.0 (Fig. [1](#Fig1){ref-type="fig"}a). The differences were statistically significant (*p* \< 0.05 or 0.01). We also evaluated viral titers of acidic and neutral (pH-adjusted) frHibis-treated PR8 virus. The pH of the mixture containing non-pH-adjusted frHibis was around 3.0. Acidic frHibis inactivated PR8 virus after a 10-min reaction, but neutral frHibis did not. After a 48-h reaction, the viral titer of neutral frHibis-treated PR8 virus was consistent with neutral Hib\[crude\]-treated PR8 virus and 10^2^-times lower (*p* \< 0.01) than PBS-treated PR8 virus (Fig. [1](#Fig1){ref-type="fig"}b). These results show that frHibis has two different anti-PR8 virus activities: one is a rapid and potent activity largely dependent on acid, and the other is a slow and weak low-pH-independent activity.Fig. 1Hibiscus tea components show both acid-dependent antiviral activity and low-pH-independent antiviral activity against PR8 virus. **a** PR8 virus was mixed with an equal volume of PBS or Hib\[crude\]. The pH of PBS and Hib\[crude\] was adjusted from acidic to approximately neutral. The pH shown was an approximate value with a range ± 0.3. The mixture which was placed at 26 °C for 10 min or 24 h and inoculated in MDCK cells. After a 3-day incubation, the viral titer of the mixture was evaluated using CPE observation. **b** The mixture containing acidic and neutral PBS, Hib\[crude\], or frHibis was placed at 26 °C for 10 min or 48 h. The mixture was inoculated to MDCK cells. After a 3-day incubation, the viral titer of the mixture was evaluated. Error bars indicate mean ± SD; *n* = 3 per group. (**a**, **b**) Student's *t* test (**a**), and Student's *t* test with Bonferroni's test (**b**) were performed to analyze statistical significance; \**p* \< 0.05, \*\**p* \< 0.01. The results represent three independent experiments

Evaluation of Anti-PR8 Virus Activity of frHibis Compounds {#Sec14}
----------------------------------------------------------

Next, we evaluated the anti-PR8 virus activity of PCA, ferulic acid, and hibiscus acid. These compounds are acidic in solution. PR8 virus was treated with PBS or each of these solutions, and the titer of the virus was measured. Both acidic (non-pH-adjusted) and neutral (pH-adjusted) solutions were tested to correlate between acidic pH of the solutions and the anti-PR8 virus activity. The estimated pH values of the mixtures containing acidic PCA, ferulic acid, and hibiscus acid were approximately 5.0, 6.5, and 3.0, respectively. The mixtures containing acidic PBS (pH 5.0, 6.5, and 3.0) were also tested as acidic solution controls. After a 10-min reaction, the titers of acidic and neutral PCA-treated PR8 virus were similar to a PBS-treated PR8 virus. Acidic PBS and PCA completely inactivated PR8 virus after a 48-h reaction. On the other hand, the viral titer of PCA-treated PR8 virus was 10^1.5^ -times lower (*p* \< 0.01) than PBS-treated PR8 virus under neutral conditions (Fig. [2](#Fig2){ref-type="fig"}a). Neither a 10-min nor 48-h reaction in acidic or neutral conditions showed anti-PR8 viral activity for ferulic acid (Fig. [2](#Fig2){ref-type="fig"}b). Finally, anti-PR8 viral activity of hibiscus acid was analyzed. Hibiscus acid-Na is a disodium salt of hibiscus acid, and its pH was approximately neutral. Acidic hibiscus acid inactivated PR8 virus after a 10-min or 48-h reaction, but neutral hibiscus acid and hibiscus acid-Na did not do so (Fig. [2](#Fig2){ref-type="fig"}c). These results show that PCA has weak low-pH-independent anti-PR8 virus activity.Fig. 2Neutral PCA shows antiviral activity against PR8 virus. **a**--**c** PR8 virus was mixed with equal volume of PBS, PCA (**a**), ferulic acid (**b**), hibiscus acid, or hibiscus acid-Na (**c**). Acidic (non-pH-adjusted) PCA, ferulic acid, and hibiscus acid, and neutral (pH-adjusted) solutions of these compounds were prepared. Acidic PBS was also prepared. An estimated pH of the mixture was determined using pH measurement of a virus-free mixture as a substitute for a virus-containing mixture. The pH shown was an approximate value with a range ± 0.3. The mixture was placed at 26 °C for 10 min or 48 h and was inoculated into MDCK cells. After a 3-day incubation, the viral titer of the mixture was evaluated using CPE observation. Error bars indicate mean ± SD; *n* = 3 per group. (**a**--**c**) Student's *t* test (**a**, **b**), and Student's *t* test with Bonferroni's test (**c**) were performed to analyze statistical significance; \*\**p* \< 0.01. The results represent more than three independent experiments

Evaluation of Hibiscus Tea Extract Effect on HA Activity {#Sec15}
--------------------------------------------------------

Next, we assessed whether acidic and neutral hibiscus tea extracts affect the HA activity of PR8 virus. PR8 virus was mixed with acidic or neutral PBS, Hib\[crude\], or frHibis. HA titer of PR8 virus was measured after a 10-min or 48-h reaction. Acidic PBS-, Hib\[crude\]-, and frHibis-treated PR8 virus lost HA activity in 10 min. It was confirmed earlier that the acidic Hib\[crude\] did not directly affect chicken blood cell agglutination (data not shown). After a 48-h reaction, the HA titer of neutral Hib\[crude\]- and frHibis-treated PR8 virus did not decrease compared to PBS-treated PR8 virus (Fig. [3](#Fig3){ref-type="fig"}a). HA titers of acidic and neutral PCA-treated PR8 virus were also measured. Acidic PBS- and PCA-treated PR8 virus lost HA activity after a 48-h reaction. On the other hand, the HA titer of neutral PCA-treated PR8 virus did not decrease compared to PBS-treated PR8 virus (Fig. [3](#Fig3){ref-type="fig"}b). These results show that neutral Hib\[crude\], frHibis, and PCA does not affect viral HA activity.Fig. 3Neutral hibiscus tea components do not induce conformational change in HAin. (**a**, **b**) PR8 virus was mixed with an equal volume of PBS, Hib\[crude\], frHibis (**a**), or PCA (**b**). The pH of each aqueous solution was adjusted to acidic or approximately neutral. The pH shown was an approximate value with a range ± 0.3. The mixture was placed at 26 °C for 10 min or 48 h and mixed with an equal volume of chicken blood cells. HA titer of the mixture was evaluated after a 30-min reaction. Error bars indicate mean ± SD; *n* = 3 to 6 per group. Student's *t* test with Bonferroni's test (**a**), and Student's *t* test (**b**) were performed to analyze statistical significance. The results represent more than two independent experiments

Evaluation of Therapeutic Efficacy of Acidic Hib\[crude\]-Administration in PR8 Virus-Infected Mice {#Sec16}
---------------------------------------------------------------------------------------------------

Next, we assessed the therapeutic efficacy of p.o. administration of acidic hibiscus tea extract in PR8 virus-infected mice. Neutral PBS or acidic Hib\[crude\] was administered p.o. to mice twice a day for the first 4 days after PR8 virus inoculation (Fig. [4](#Fig4){ref-type="fig"}a). A significant loss in body weight was observed in all treated mice (Fig. [4](#Fig4){ref-type="fig"}b). All PBS-treated mice and 80% (4 out of 5) Hib\[crude\]-treated mice died within 8 days post-infection. Although only one Hib\[crude\]-administered mouse survived and recovered from the disease, there was no significant difference in the survival rate between the PBS- and Hib\[crude\]-treated groups (Fig. [4](#Fig4){ref-type="fig"}c). The viral titer in the lungs was determined on days 3 and 5, and it was found to be similar to levels in both the PBS and Hib\[crude\] groups (Fig. [4](#Fig4){ref-type="fig"}d). These results show that p.o. administration of acidic Hib\[crude\] does not exert a therapeutic effect in PR8 virus-infected mice.Fig. 4Acidic Hib\[crude\] administration does not have a therapeutic effect on PR8 virus infection. **a** PR8 virus inoculation scheme and therapy schedule is shown. **b** Changes in body weight after viral inoculation were evaluated in each mouse. *n* = 5 per group. **c** The survival percentage is shown. **d** Mice were euthanized, and the lungs were collected on days 3 and 5. The viral titer in 1 g of lung was evaluated. *n* = 5 per group. (**b**--**d**) Student's *t* test (**b**, **d**), and Log-rank test (**c**) were performed to analyze statistical significance. n.s: not significant. The results represent three similar experiments

Evaluation of the Efficacy of Acidic Hib\[crude\]-Inactivated Whole-Virus Vaccine in PR8 Virus-Infected Mice {#Sec17}
------------------------------------------------------------------------------------------------------------

Next, we assessed the efficacy of acidic hibiscus tea extract as an inactivating agent for whole virus. The PR8 virus inactivated by formalin, β-PL, or acidic Hib\[crude\] was intranasally administered to mice twice before administering a lethal dose of PR8 virus (Fig. [5](#Fig5){ref-type="fig"}a). Non-vaccinated mice receiving PBS served as a control group. Non-vaccinated mice rapidly lost body weight after the viral inoculation, and all mice in the group died by day 7. On the other hand, the body weight in the formalin- and β-PL-treated groups did not change, and all the mice survived until day 14. The mice lost body weight in the Hib\[crude\]-treated group, but the degree of weight loss was ameliorated compared to the non-vaccinated group. The vaccine efficacy was much lower in the Hib\[crude\]-treated group, but the survival rate was significantly improved (Fig. [5](#Fig5){ref-type="fig"}b, c). The HI-active Ab titer in serum was also measured pre-inoculation on day 0 and post-inoculation on day 14. Prior to inoculation, the HI titers were below the detection limit in all non-vaccinated mice, but the titers were in the range of 2^9^ to 2^12^ in the formalin and β-PL groups. In the Hib\[crude\] group, the titers were less than 2^5^ in all mice and below the detection limit in two mice (Fig. [5](#Fig5){ref-type="fig"}d). Although the HI titers were low in the Hib\[crude\] group, the HI-positive mice survived until day 14 (data not shown). Post-inoculation HI titer did not differ from the pre-inoculation titer in the formalin and β-PL groups. In the Hib\[crude\] group, the HI titer increased to the same level as the formalin and β-PL groups (Fig. [5](#Fig5){ref-type="fig"}d). These results indicate that formalin- and β-PL-inactivated vaccine completely prevented viral infection, but acidic Hib\[crude\]-inactivated vaccine did not prevent infection. The viral particle structure integrity in the whole inactivated vaccine relates to protective activity against IAV infection. We assessed whether the conformation of hemagglutinin (HAin) was preserved in each vaccine using the HA assay. HA activity of IAV is lost by a change in HAin conformation (Sriwilaijaroen and Suzuki [@CR28]). Intact (untreated) or inactivated PR8 virus was mixed with chicken blood cells and the HA titer was measured. The HA titer of acidic Hib\[crude\]-treated PR8 virus was below the detection limit, but the HA titer of formalin- and β-PL-treated PR8 virus was similar to the intact PR8 virus (Fig. [5](#Fig5){ref-type="fig"}e). These results show that formalin and β-PL treatments but not acidic Hib\[crude\] preserve HAin conformation.Fig. 5Acidic Hib\[crude\]-inactivated whole-virus vaccine induces weak anti-PR8 virus immunity. **a** The vaccination scheme and inoculation schedule is shown. 15 μg/50 μl of formalin-, β-PL-, or acidic Hib\[crude\]-inactivated PR8 virus was i.n. administered to mice twice for vaccination. **b** Body weight change after a viral inoculation was evaluated in each group. Error bars indicate mean ± SEM; *n* = 5 per group. **c** The survival percentage is shown. **d** HI titer of serum collected at pre-inoculation (day 0) and post-inoculation (day 14) stages was evaluated. **e** Formalin-, β-PL-, and acidic Hib\[crude\]-inactivated PR8 virus was mixed with an equal volume of chicken blood cells. HA titer was evaluated after a 30-min reaction. Intact (untreated) PR8 virus was used as a negative control. Error bars indicate mean ± SD; *n* = 3 per group. (**b**--**e**) One-way analysis of variance (ANOVA) with Tukey's multiple comparison test or Kluskal-Wallis test with Dunn's multiple comparison test (**b**), Log-rank test with Bonferroni's test (**c**), and Kluskal-Wallis test with Dunn's multiple comparison test (**d**, **e**) were performed to analyze statistical significance; compared with PBS (**b**--**d**) or untreated group (**e**), ^a^*p* \< 0.05, ^aa^*p* \< 0.01, ^aaa^*p* \< 0.001; compared with formalin group, ^bbb^*p* \< 0.001; compared with β-PL group, ^ccc^*p* \< 0.001. A single experiment was performed

Discussion {#Sec18}
==========

Earlier studies indicated that the extract derived from *Hibiscus sabdariffa*L*.* calyces has antiviral activity against the H5 subtype of highly pathogenic and low-pathogenic avian influenza viruses, herpes simplex virus-2, feline calicivirus, murine norovirus-1, hepatitis A virus, and Aichi virus (Baatartsogt et al. [@CR1]; D'Souza et al. [@CR2]; Hassan et al. [@CR8]; Joshi et al. [@CR12]). Moreover, the leaves of *Hibiscus sabdariffa*L. also showed anti-measles virus activity (Sunday et al. [@CR29]). However, antiviral activity mechanism against these viruses is still unclear. Since many acidic compounds in hibiscus calyces contribute to the low pH, we focused on correlating anti-PR8 viral activity and the acidic pH of hibiscus tea components. We found that not only Hib\[crude\] but also PBS of pH ≤ 4.0 potently inactivated PR8 virus in a short period of time (10 min) (Fig. [1](#Fig1){ref-type="fig"}). This finding indicates that the anti-PR8 virus activity of hibiscus tea extract is largely dependent on acid. However, we could not deny a possibility that there are unknown antiviral compounds which show its activity only in the acidic condition. This unknown mechanism might partially contribute to the viral inactivation. We further analyzed the anti-PR8 virus activity of PCA, ferulic acid, and hibiscus acid, which are all components of hibiscus tea extract. In the previous reports, PCA showed antiviral activity against feline calicivirus, murine norovirus-1, and herpes simplex virus-2 (Hassan et al. [@CR8]; Joshi et al. [@CR12]). Ferulic acid showed antiviral activity against feline calicivirus and murine norovirus-1 (Joshi et al. [@CR12]). Here, acidic PCA and hibiscus acid showed anti-PR8 virus activity. Non-pH-adjusted ferulic acid solution with a relatively higher pH (pH 6.5) did not inactivate PR8 virus. When the IAV particle is exposed to acidic pH conditions, viral HAin changes its conformation and irreversibly loses binding affinity for sialic acid (Quan et al. [@CR22]; Sriwilaijaroen and Suzuki [@CR28]). Here, all PR8 virus particles treated with acidic PBS-, Hib\[crude\], frHibis, or PCA lost their HA activity (Fig. [3](#Fig3){ref-type="fig"}). It is also known that low-pH treatment of IAV induces M1 protein layer loss and coagulation of ribonucleoprotein complexes (Fontana et al. [@CR6]). These comprehensive structural changes due to acid could have resulted in rapid and potent viral inactivation from acidic hibiscus component treatment. Many IAV strains are susceptible to acid, but the degree of sensitivity varies between strains (Puri et al. [@CR21]; Ruigrok et al. [@CR24]). Some highly pathogenic strains of avian H5 influenza virus like H5N1 strain isolated from Thailand were resistant to pH 3.0 (treated for 10 min at room temperature) treatment (Wanaratana et al. [@CR34]). Although acidic Hib\[crude\] and frHibis inactivated highly pathogenic and low-pathogenic avian H5 influenza viruses in 10 min in our previous study (Baatartsogt et al. [@CR1]), we have yet to determine whether all potent and rapid antiviral activity against these H5 viral strains is completely acid dependent.

Here, frHibis showed potent acid-dependent antiviral activity and weak low-pH-independent antiviral activity against PR8 virus (Fig. [1](#Fig1){ref-type="fig"}). The neutral PCA also showed anti-PR8 virus activity (Fig. [2](#Fig2){ref-type="fig"}). The anti-PR8 virus activity by both neutral frHibis and PCA did not affect HAin activity (Fig. [3](#Fig3){ref-type="fig"}). Since PCA accounts for 24% of *Hibiscus sabdariffa* water extract (Da-Costa-Rocha et al. [@CR3]), a major part of the anti-PR8 virus activities of neutral hibiscus extract may be due to PCA. In addition, frHibis also contains abundant bioactive compounds such as phenolic compounds (Da-Costa-Rocha et al. [@CR3]). Several studies reported that polyphenol-rich plant extracts and plant-derived phenolic compounds have anti-IAV activities (Droebner et al. [@CR5]; Kim et al. [@CR15]; Yamada et al. [@CR38]). These phenolic compounds in frHibis may also contribute to antiviral activity. An attempt to identify the mechanism of low-pH-independent anti-PR8 virus activity of PCA and to search for other low-pH-independent anti-PR8 virus constituents is currently ongoing.

We assessed the therapeutic efficacy of p.o. administration of acidic Hib\[crude\] in PR8 virus-infected mice. However, no therapeutic effect was observed (Fig. [4](#Fig4){ref-type="fig"}). In the case of p.o. administration, Hib\[crude\] is first absorbed from the digestive tract and distributed into systemic blood. Subsequently, it reaches the respiratory organs where IAV resides. The neutralized Hib\[crude\] in the blood loses potent anti-IAV activity due to acid, and the low-pH-independent antiviral activity is inadequate to inactivate virus in vivo. The low content, weak antiviral activity, and short biological half-life of low-pH-independent anti-IAV compounds in Hib\[crude\] could contribute to therapeutic failure. To achieve a successful p.o. administration therapy using hibiscus tea components such as PCA, it would be necessary to chemically modify them to extend their biological half-life and enhance antiviral activity or use them in combination with a carrier to retain them in blood.

In IAV vaccination, i.n. vaccine administration induces effective anti-IAV immunity. We previously showed that i.n. co-administration of innate immune receptor adjuvants with split vaccine efficiently induced both systemic and mucosal anti-IAV immunity (Takaki et al. [@CR30], [@CR31]; Takeda et al. [@CR32]). On the other hand, whole inactivated vaccine comprises viral structural components with immune priming activity like immunostimulatory viral RNA. We assessed the utility of acidic Hib\[crude\] as a safe inactivating agent for whole-virus vaccine. However, unlike the viruses inactivated by formalin and β-PL, the viruses inactivated by acidic Hib\[crude\] failed to induce efficient protective immunity (Fig. [5](#Fig5){ref-type="fig"}). As shown in other reports (Pawar et al. [@CR20]), formalin- and β-PL-treated virus but not acidic Hib\[crude\] showed intact HA activity (Fig. [5](#Fig5){ref-type="fig"}e). HAin is an immunodominant protein (Kaminski and Lee [@CR13]; Liu et al. [@CR17]; Sautto et al. [@CR26]). The acidic pH of Hib\[crude\] could cause the loss of antigenicity by inducing a change in HAin conformation. These results show that the acidic hibiscus components cannot be used as inactivating agents for vaccine preparation. On the other hand, low-pH-independent activity of frHibis and PCA which does not affect HAin conformation is suitable for vaccine application. However, these weak virucidal effects have not yet been sufficient for use as an inactivating agent. Further study of the low-pH-independent anti-IAV mechanism and enhancement of its antiviral activity may contribute to IAV vaccine strategy development.

In conclusion, we showed the rapid and potent anti-PR8 virus activity of acidic hibiscus tea extract, which relies largely on acid. This acidic extract is not suitable for use in therapeutics and vaccine development. However, frHibis and PCA were found to have weak low-pH-independent anti-PR8 virus activity, which does not affect HAin conformation. Hence, further study of low-pH-independent antiviral compounds may enable us to establish a novel anti-IAV therapy and vaccination strategy.
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